Aim: To evaluate the effect of bone morphogenetic protein 2 (BMP-2) incorporated biomimetic calcium phosphate (BMP-2/BioCaP) in conjunction with barrier membrane on periodontal regeneration in chronic periodontitis experimental model. Material and Methods: Chronic periodontitis experimental model with critical-sized supra-alveolar defects was created in 15 dogs' mandibles. After the initial periodontal therapy, the defects were randomly assigned to the following groups: (a) control; (b) barrier membrane; (c) deproteinized bovine bone mineral + barrier membrane; (d) BioCaP + barrier membrane and (e) BMP-2/BioCaP + barrier membrane (6 quadrants with 18 teeth per group). Eight weeks later, clinical examinations, micro-CT, and histomorphometric analyses were performed. Results: Clinical examinations, including plaque index, bleeding index, and probing depth, were similar for all groups. In contrast, the clinical attachment loss was significantly lower in defects grafted with BMP-2/BioCaP and barrier membrane. The micro-CT results showed that the height of mineralized tissue in defects grafted with BMP-2/BioCaP and barrier membrane was significantly higher. For histometric analysis, the defects grafted with BMP-2/BioCaP and barrier membrane exhibited significantly more connective tissue height, new cementum height, new bone height and area, as well as less down-growth of junctional epithelium. Conclusion: BMP-2/BioCaP could be a promising bone substitute for periodontal regeneration.
| 1255 et al., 2016) . Therefore, to repair and rebuild the reduced periodontium, regenerative periodontal therapy, in particular, bone regeneration, arises to meet the clinical need in improving the long-term prognosis for teeth. With the development of regenerative periodontal therapy, various regenerative approaches, including bone substitute materials, barrier membranes, root biomodifications, guided tissue regeneration, using biological factors or various combinations thereof, have been then implemented and demonstrated a variable extent of biological potential or evidence of periodontal regeneration (Ivanovski, Vaquette, Gronthos, Hutmacher, & Bartold, 2014; Sculean, Chapple, & Giannobile, 2015) . Despite the considerable achievements in the periodontal regeneration of the deep, narrow intrabony and dehiscence defects, periodontal regeneration appears to be dramatically challenging and less predicting in the wide, shallow defects, for example, the supra-alveolar defect (Sculean, Nikolidakis, et al., 2015) . Due to the compromised blood supply and mechanical support in these defects, it gives a higher demand for the characteristics of treatment components to achieve sufficient periodontal regeneration (Cortellini & Tonetti, 2015) .
Specific to the bone substitute materials, they may possess both osteoconductive and osteoinductive characteristics (Larsson et al., 2016; Miron & Zhang, 2012) .
The superior osteoinductivity of bone morphogenetic protein 2 (BMP-2) has been well documented in recent decades. Moreover, recombinant human BMP-2 (rhBMP-2) delivered on an absorbable collagen sponge has been approved for clinical use in the field of orthopaedic and oral/maxillofacial surgery, including localized alveolar ridge augmentation and sinus augmentation. Several preclinical studies (Chen et al., 2007; King, King, Cruchley, Wozney, & Hughes, 1997; Miyaji et al., 2010; Saito, Saito, & Kawanami, 2003; Sigurdsson et al., 1995) have reported that BMP-2 in conjunction with various carriers have the potential to induce both bone and cementum formation. Despite the promising clinical potential of these products, there are emerging concerns on the high-dosage BMP-2 related side effects, which may result from its burst release and excessive proteolytic consumption (Chrastil, Low, Whang, & Patel, 2013; Tannoury & An, 2014; Wikesjo et al., 2003) . Therefore, alternative safe, controlled and sustained delivery systems are urgently required.
Previously, our team developed a novel bone substitute material, bone morphogenetic protein 2 incorporated biomimetic calcium phosphate (BMP-2/BioCaP) . Our previous studies demonstrated that BMP-2/BioCaP was osteoinductive and could induce bone formation at both orthotopic and ectopic sites. Moreover, it showed superior properties of the local, limited and sustained release of BMP-2 in a cell-mediated manner, which partially mimics the principles of natural bone remodelling . Talwar R et al. (Talwar, Silvio, Hughes, & King, 2001) suggested that the release kinetics of BMP-2 could affect the outcome of BMP-2 induced periodontal regeneration, and the slowreleased BMP-2 could promote cementum regeneration. Chen et al. (2007) found that the sustained released BMP-2 by microsphere improved bone and periodontal ligaments regeneration significantly.
As an osteoinductive and sustained delivery system, BMP-2/ BioCaP may have great potential for periodontal regenerations. This study aims to evaluate the effect of BMP-2/BioCaP in conjunction with barrier membrane on periodontal regeneration in chronic periodontitis experimental models with critical-sized supra-alveolar defects in dogs.
| MATERIAL AND ME THODS

| Preparation of BioCaP and BMP-2/BioCaP granules
We produced the BioCaP and BMP-2/BioCaP granules according to a well-established protocol . Briefly, amorphous calcium phosphate particles (the core of granules) were deposited by 5-fold-concentrated simulated body fluid (684 mM NaCl, 12.5 mM CaCl 2 ·2H 2 O, 5 mM Na 2 HPO 4 ·2H 2 O, 21 mM NaHCO 3 , 7.5 mM MgCl 2 .6H 2 O) for 24 hr at 37°C. Subsequently, to deposit crystalline calcium phosphate on the surface of particles, a supersaturated calcium phosphate solution was made (40 mM HCl, 4 mM CaCl 2 ·2H 2 O, 2 mM Na 2 HPO 4 ·2H 2 O) for 48 hr at 37°C. To obtain the BioCaP granules, the amorphous calcium phosphate and crystalline calcium phosphate were then assembled alternately layer-by-layer in three cycles. To make BMP-2/BioCaP, BMP-2 (INFUSE ® Bone Graft, Medtronic) was added to the solution of the last crystalline layer at a concentration of 2 μg/ml. The granules were ground to 0.25-1 mm diameter. As in our previous study , the loading of BMP-2 in BMP-2/BioCaP granules was 182.6 ± 34.6 μg/g. Our previous studies Wang et al., 2017; had demonstrated that BioCaP functionalized by BMP-2
Clinical Relevance
Scientific rationale for the study: Bone morphogenetic protein 2 (BMP-2) in conjunction with various carriers demonstrated to enhance the repair of periodontal defects. This study aimed to clinically and histologically verify the effect of a BMP-2 sustained and slow-released system (BMP-2/ BioCaP) on periodontal regeneration in chronic periodontitis experimental models. in this dosage had superexcellent osteogenic capability when they were filled in all kinds of bone defects. All these procedures were conducted under sterile conditions.
| Animals and surgical protocol
The experiment for this study was approved by the Committee of Ethics at Yantai Stomatological Hospital (permission no. 201611) and conformed to the ARRIVE Guidelines. We used 15 healthy male beagle dogs aged 18-24 months with an average weight of 12 kg. During the study, the dogs were housed in separate cage and fed with soft diet. From the beginning of initial periodontal therapy to the end, the dogs received plaque control by brushing twice weekly and using a 0.5% chlorhexidine gluconate rinse daily.
Surgery was performed under general anaesthesia by sodium pentobarbital (intravenous, 20-30 mg/kg). Local infiltration anaesthesia (articaine hydrochloride with 1/100,000 epinephrine) was used in the mandible. For short-term procedures, such as taking out stitches, we used intravenous sodium thiopental anaesthesia (20-25 mg/kg). To control postoperative pain, ibuprofen was administered orally (10 mg/kg every 12 hr for 48 hr), and a broad spectrum antibiotic was administered daily for 7 days after surgery.
F I G U R E 1 The experimental procedures in the mandibular teeth (the second, third, and fourth mandibular premolar). (a) preoperative observation; (b) the surgically created supra-alveolar periodontal defect; (c) the root was ligatured with wire to prevent spontaneous healing and enhance plaque accumulation; (d) chronic periodontitis 8 weeks after ligation; (e) initial periodontal therapy including scaling and daily plaque control; (f) clinically healthy gingiva after four weeks' stabilization period; (g) before bone augmentation; (h) application of bone grafts; (i) placement of barrier membrane; (j) sutured coronal to the cementum-enamel junction; (k) clinical observation in the BMP-2/ BioCaP + barrier membrane group 8 weeks after the reconstructive surgery; (l) clinical observation in the BioCaP + barrier membrane group eight weeks after the reconstructive surgery
| Defect induction
Experimental procedures of establishing the chronic periodontitis experimental models were shown in the Figure 1 . Supra-alveolar periodontal defects were surgically created in the mandibular teeth (the second, third and fourth premolar) as described by Wikesjo, Selvig, Zimmerman, and Nilveus (1991) To prevent spontaneous healing and to enhance plaque accumulation, we used wire encircling the tooth and bending into the defect to ligated the exposed root surfaces (Figure 1c ). Subsequently, the flaps were restored to preoperative levels and sutured with 5-0 silk sutures. Ligature-induced chronic periodontitis ( Figure 1d ) was then allowed to develop for 8 weeks.
The wires were then removed and subjected to the initial periodontal therapy (Figure 1e ), which included scaling and daily plaque control. After four weeks' stabilization period, the gingiva was clinically healthy (Figure 1f ).
| Reconstructive surgery
After root planning to remove necrotic cementum and root conditioning by ethylenediaminetetraacetic acid (EDTA, 10% with pH 4.7), a notch was labelled at the most apical level of the defect as a reference for subsequent radiographic and histological measurements ( Figure 1g ). The supra-alveolar defects (30 mandibular jaw quadrants in total) were then randomly assigned to the following groups: (a) without grafts (control group); (b) covered with barrier membrane (Bio-Gide ® , Geistlich Pharma AG); (c) grafted with depro- (Figure 1i ). Then, the mucoperiosteal flaps were stretched and sutured slightly coronal to the cementum-enamel junction (Figure 1j ).
| Clinical observations and analyses
Eight weeks after the reconstructive surgery, the plaque index was evaluated on one side of the teeth, and William's periodontal probe was used to evaluate the bleeding index on four sites of the teeth and to measure the probing depth and gingival recession on six sites.
Clinical attachment loss was calculated by the probing depth and gingival recession.
| Radiographic observations and analyses
Eight weeks after the reconstructive surgery, animals were sacrificed by euthanasia. Tissue blocks were removed, rinsed and fixed in 10% buffered formalin. After 3 days of formalin fixation, the tissue blocks were rinsed overnight in cold tap water.
The tissue blocks were then scanned using a micro- 
| Histological observations and histometric analyses
The tissue blocks were then dehydrated in ethanol and embedded in methylmethacrylate, as previously described. Each block was cut into sections, at a fixed interval of 1,000 μm in a buccolingual direction. The sections were mounted on plexiglass holders, polished down to a thickness of 50 μm. The sections were stained with basic fuchsine, Toluidine 
| Statistical analyses
The primary outcome was based on the periodontal bone regeneration (new bone height and area) following the reconstructive surgery. Data were collected at tooth level (N = 17 for the control group and N = 18 for the other four groups) and presented as mean and standard deviation. The significance of differences was analysed using one-way analysis of variance (ANOVA) followed by the SNK test. All data analysis was performed using SPSS 17.0 software, and a value of p < .05 was considered statistically significant.
| RE SULTS
| Clinical observations and analyses
Wound closure was uneventful, and there was no intense inflammation throughout the healing sequence. One of the second premolars in the control group had root fracture; the tooth was extracted and excluded from the experiment.
Considerable periodontal tissue regeneration was observed eight weeks after the reconstructive surgery. The gingiva covered most of the root surface in BMP-2/BioCaP + barrier membrane group (Figure 1k ). However, the other groups (Figure 1l ) with exposed root had changed little. In the BMP-2/BioCaP + barrier membrane group, the gingival recession was less serious than in the other groups. Clinical examination parameters including plaque index, bleeding index and probing depth were similar for all groups (Table 1) . In contrast, the clinical attachment loss was significantly lower in defects that had BMP-2/BioCaP + barrier membrane.
| Radiographic observations and analyses
Eight weeks after the reconstructive surgery, there was high variability in the three-dimensional reconstructed images of the different groups. In sites of the control group (Figure 2a ,f) and the barrier membrane only group (Figure 2b,g) , there was little or no TA B L E 1 Summary of the clinical examination parameters 8 weeks after the reconstructive surgery. Plaque index, bleeding index and probing depth were similar for all groups. The clinical attachment loss was significantly lower in defects implanted with BMP-2/BioCaP and barrier membrane. If none of the letters labelled in the top right corner is the same, there would be a significant difference (p < .05) The results of the radiographic analyses were shown in Table 2 .
There were no significant differences in defect height among all groups, which demonstrated high consistency and repeatability in the chronic experimental periodontitis model with supra-alveolar defects. In all sites (centre, furcation and interproximal space) of the root, the mineralized tissue height of the BMP-2/ BioCaP + barrier membrane group was significantly higher than that in all other groups. Although the mineralized tissue heights in the DBBM + barrier membrane group and the BioCaP + barrier TA B L E 2 Summary of the radiographic analyses. The defect height among all groups showed no significant differences. In all sites (centre, furcation and interproximal space) of the root, the height of the mineralized tissue in the BMP-2/BioCaP + barrier membrane group was significantly larger than that in all other groups. If none of the letters labelled in the top right corner is the same, there would be a significant difference (p < .05)
Control (n = 17)
Barrier membrane (n = 18)
DBBM + barrier membrane (n = 18)
BioCaP + barrier membrane (n = 18) membrane group were higher than those in the control group and the barrier membrane group in all sites of the root, the differences of these heights were not statistically significant in the root furcation. Periodontal healing in the DBBM + barrier membrane group was moderate (Figure 3c,h) and was similar to that in the BioCaP + barrier membrane group. Different levels of cementum and bone regeneration were observed in different specimens. In contrast, DBBM granules were always immersed in connective tissue and remained unabsorbed.
BMP−2/BioCaP + barrier membrane (n = 18)
| Histological observations and histometric analyses
In the BioCaP + barrier membrane group (Figure 3d Histometric analyses (Table 3) showed no significant differences in defect height among these five groups. These results were consistent with the radiographic analysis. Down-growth of junctional epithelium was significantly less in the BMP-2/BioCaP + barrier membrane group than in the other groups. Significantly more connective tissue repair was observed in the BMP-2/BioCaP + barrier membrane group than in the other groups. Cementum regeneration was significantly enhanced in the BMP-2/BioCaP + barrier membrane group than in the other groups. It was also significantly greater in the four groups with barrier membrane than in the control group. New bone height was significantly greater in the BMP-2/BioCaP + barrier membrane group (2.48 ± 0.72 mm) than in the BioCaP + barrier membrane group (1.12 ± 0.61 mm). The new bone area was 3.5-fold greater in the BMP-2/BioCaP + barrier membrane group (9.78 ± 3.21 mm 2 ) than in the BioCaP + barrier membrane group (2.79 ± 1.85 mm 2 , p < .05).
Notably, there was a statistical significance in the residual material area between the BMP-2/BioCaP + barrier membrane group and the BioCaP + barrier membrane group.
TA B L E 3 Summary of the histometric analyses. There were no significant differences in defect height among these five groups. Significant differences were observed in the down-growth of junctional epithelium, connective tissue height, new cementum height, new bone height, new bone area between the BMP-2/BioCaP + barrier membrane group and the other four groups. Moreover, there is a significant difference in residual material area between the BMP-2/BioCaP + barrier membrane group and the BioCaP + barrier membrane group. If none of the letters labelled in the top right corner is the same, there would be a significant difference (p < .05)
Control (n = 17)
DBBM + barrier membrane (n = 18)
BioCaP + barrier membrane (n = 18)
BMP−2/BioCaP + barrier membrane (n = 18)
Defect height (mm) 5.37 (0.41) a 5.23 (0.47) a 5.37 (0.5) a 5.45 (0.37) a 5. 62 (0.4) 
| D ISCUSS I ON
In the present study, we investigated the periodontal regeneration following the reconstructive surgery using different bone substitute materials in the chronic periodontitis experimental models. Our study demonstrated that BMP-2/BioCaP in conjunction with barrier membrane not only reduced the clinical attachment loss and the down-growth of junctional epithelium but also enhanced the periodontal tissue regeneration, including the cement, the alveolar bone and the periodontal connective tissue.
This study used a canine model system including the surgical created supra-alveolar periodontal defects, the induced experimental periodontitis and the initial periodontal therapy before the reconstructive surgery. Due to their specific dimensions and morphology, the supra-alveolar periodontal defects have been considering the "litmus test" for the potential candidate protocols, barrier membranes, bone substitute materials and biological agents aimed to achieve periodontal regeneration (Pellegrini, Seol, Gruber, & Giannobile, 2009; . They are critical-sized defects, which will not spontaneously heal completely and can evaluate the efficiency of clinically relevant bone regeneration enhanced by the implantation materials (Schmitz & Hollinger, 1986) . In our study, periodontal regeneration, particularly the newly formed alveolar bone and cementum, was shown to be limited 8 weeks after the reconstructive surgery in the control group. Meanwhile, comparative advantages in periodontal regeneration were observed in the other groups. Considering the real condition in the chronic periodontitis, we modified the model and induced experimental periodontitis by wire ligation as described by Saito et al. (Saito, Saito, Handa, Honma, & Kawanami, 2009; Saito et al., 2003) . The deposit of plaque, inflammation of gingival, formation of deep pocket and loss of attachment were observed 8 weeks after ligation, and they confirmed to the clinical features of chronic periodontitis. In contrast to the previous studies, we performed the initial periodontal therapy before the reconstructive surgery to further simulate the normalized clinical treatment. About the consistency and repeatability of the supra-alveolar periodontal defects, they have been well documented by using the most central section for histometric analyses (Koo et al., 2004a; Koo, Polimeni, Albandar, & Wikesjo, 2004b) .
In our study, we used micro-CT to measure the defect height from Saito et al., 2003; Sorensen, Wikesjo, Kinoshita, & Wozney, 2004; have reported that BMP-2 induced greater degree of periodontal bone regeneration in supra-alveolar periodontal defects when applicated by single with various of carriers, including absorbable collagen sponge, polylactic acid polyglycolic acid copolymer and gelatine sponge, calcium phosphate cement and polymer-coated gelatine sponge. What is noteworthy is that two studies (Sorensen et al., 2004; using BMP-2 in the surgical created and submerged defects reported extensive bone regeneration comprising over 80% of the defect height.
In contrast, the other two studies (Kinoshita et al., 1997; Saito et al., 2003) Apart from the superior bone regeneration, the BMP-2/ BioCaP + barrier membrane group also demonstrated much more cementum regeneration than the other groups. Besides, all groups employing the barrier membrane indicated more cementum regeneration than the control group. These findings were consistent with the previous studies (Miyaji et al., 2010; Ribeiro et al., 2015) . Notably, the height of cementum was lower than the height of the bone in the BMP-2/ BioCaP + barrier membrane group. In contrast, the height of cementum was higher than the height of the bone in the other four groups.
Although the sustained and slow-released BMP-2 could promote cementum regeneration (Talwar et al., 2001) , our findings suggested that BMP-2 had a superior impact on osteogenesis than cementogenesis.
As described in our previous study (Liu et al., 2018) , only 50% of BMP-2 was released after 5 weeks. We can speculate that there would be more regenerated cementum if we extended the experimental period.
Also, different from some studies (Wikesjo et al., , 2003 , ankylosis was rarely noted when using BMP-2. One possible explanation is that there are remained periosteum under the mucoperiosteal flap when they are using the surgical created and submerged defects (King & Cochran, 2002) . Moreover, the other one might be that BMP-2 is slowly released with low concentration from BMP-2/ BioCaP.
One of the shortcomings of this study was the study design, which lacked a representative positive control group. That is because there was no standard treatment or commercially available product recommended for such defects. In this study, the use of DBBM, which was one of the most used bone substitutes in the market, was a kind of fallback solution. Besides, we have reported for several times that bone substitutes bearing the absorbed BMP-2 when used the same dose with the incorporated pattern showed similar osteogenic capability with the bone substitutes themselves and significantly lower new bone formation than the bone substitutes bearing the incorporated BMP-2 Wu, Hunziker, Zheng, Wismeijer, & Liu, 2011; Wu, Liu, Iizuka, & Hunziker, 2010; Zheng et al., 2014) . Therefore, in this study, BioCaP with absorbed BMP-2 was not included as a control. One of the other claims is the scientific novelty and the practical implications using BMP-2/BioCaP in conjunction with barrier membrane for periodontal regeneration. Although the indications of those commercially available BMP-2 products do not contain periodontal treatment, BMP-2 has shown advantages in periodontal bone regeneration in pre-clinical studies (King et al., 1997; Kinoshita et al., 1997; . Besides, BMP-2 was traditionally considered to promote bone formation rather than periodontal regeneration, and this phenomenon may result from the burst release of BMP-2 (Chen et al., 2007; Talwar et al., 2001) . We prepared BMP-2/BioCaP, and of which the BMP-2 was delivered in very low dosage (10-fold lower than the traditional method) and released locally and slowly. In our previous studies Zheng et al., 2014) , BMP-2/BioCaP has shown excellent bone regeneration properties. In this study, the BMP-2/ BioCaP filled group displayed better results than the other groups not only in bone regeneration but also in cementum regeneration. 
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